In a previous paper (Castle EG, Mullis AM, Cochrane RF, Acta Materialia 2014;66:378-387), we employed a melt fluxing technique to study the velocityundercooling relationship and microstructural development of a Cu-8.9 wt.% Ni alloy in order to investigate the fundamental mechanism behind the rapid solidification phenomenon of 'spontaneous grain refinement'. A number of growth transitions were identified with increasing undercooling, including an extended dendrite orientation transition through: fully <100>-oriented → multiply-twinned, mixed <100>/<111>-oriented → fully <111>-oriented. Here, we present the results of an identical study into in to a Cu-Ni alloy of lower Ni content and observe a similar set of growth transitions, with some notable differences. In particular, a total of three distinct grain refinement mechanisms have been observed between the two alloys, including; recrystallisation, dendrite fragmentation and dendritic seaweed fragmentation. It appears that the mechanism selected depends strongly upon the original growth structure present, which we suggest is dictated by the balance between the capillary and kinetic anisotropies; with the addition of Ni to Cu either increasing the strength of the kinetic anisotropy, decreasing the strength of the capillary anisotropy, or a combination of both. The unambiguous identification of three different spontaneous grain refinement mechanisms in two closely related alloys is significant as it may help to resolve some of the debate surrounding the 'true' grain refinement mechanism.
Introduction
'Spontaneous grain refinement' is a rapid solidification phenomenon observed in metals, in which abrupt transitions between course columnar and fine equiaxed grain structures are observed at well-defined values of undercooling, ∆T*. In general, for pure metals (e.g. [1] [2] [3] ), one grain refinement transition is observed at high ∆T; whilst for alloys (e.g. [4] [5] [6] [7] ), two grain refinement transitions occur, with an additional transition at low ∆T and columnar growth stabilised at intermediate ∆T.
First reported in 1959 by
Walker [8] for bulk undercooled Ni, spontaneous grain refinement has received a large amount of interest, since it demonstrates that grain refinement can be achieved in a way which is intrinsic to the solidification process itself. This therefore provides an attractive alternative to the conventional chemical or mechanical means of producing grain refined metals, offering significant commercial potential. Furthermore, since the onset of spontaneous grain refinement alters or removes the original growth structure, continuous measurements of the original dendrite length scale cannot be made as a function of undercooling (and, by extension, growth velocity). This therefore presents problems for the modelling of rapid dendrite growth, since there is a subsequent lack of data on which to base and test mathematical models. As such, many studies have been undertaken in order to elucidate the fundamental mechanism behind spontaneous grain refinement. Theories have ranged from: cavitation in the melt, leading to copious nucleation ahead of the solid-liquid interface [8] ; partial remelting of secondary and tertiary dendrite branches [9] ; recrystallisation [2, 10, 11] ; dendrite fragmentation [12] [13] [14] ; surface energy driven remelting and fragmentation of dendrites [15] and; a transition to dendritic seaweed growth followed by rapid remelting at the split dendrite junctions during recalescence [16] . However, the contrasting and conflicting evidence produced by different studies has resulted in a large amount of debate on the matter, with no individual model able to provide a complete explanation for the behaviour observed.
In a previous paper [17] , we employed a containerless melt-fluxing technique to undercool and rapidly solidify a Cu-8.9 wt.% Ni alloy. A careful study of the evolution of microstructure and texture with increasing undercooling/solidification velocity was then undertaken in order to further elucidate the grain refinement mechanism. An extended transition in growth orientation was observed; with normal, <100>-oriented growth dominating at low ∆T and anomalous, <111>-oriented growth dominating at high ∆T. Within the intermediate undercooling range, the competing anisotropies of the two growth directions were observed to give rise to mixed-orientation dendrites, dendritic seaweed 'branches' and twinning; with several samples exhibiting multiply twinned growth [17] . Further analysis of these twinning relationships will be presented in a separate paper in due course. Upon the observed transition to fully <111>-oriented growth, a transition to a coarse dendritic grain structure was observed. This was coincident with a positive break in the gradient of the growth velocity vs. undercooling curve; indicating that the <111>-oriented growth was faster than the <100> growth it replaced. Microstructural analysis indicated that grain refinement at low undercooling had occurred via a recrystallisation mechanism, whilst at high undercooling, a partially grain refined sample was obtained, in which the substructure of the non-grain refined portion consisted of dendritic seaweed; suggesting that seaweed is the precursor to grain refinement at high undercooling in this alloy.
Such an extended transition in growth orientation had not previously been reported as a function of undercooling. Abrupt, growth velocity/undercooling-mediated switches in preferred growth orientation have been reported in transparent metal analogue systems [18, 19] , in strongly faceting Ge-Fe [1] and in Cu-Sn [20] ; and an extended 'Dendrite Orientation Transition' (DOT) has been experimentally and computationally observed by Dantzig et al. [21] as a function of increasing Zn content in Al. Here, <100>-oriented growth is observed for low Zn content and <110>-oriented growth is observed for high Zn content. At intermediate Zn concentrations, the close competition between the differently-directed anisotropies is observed to give rise to textured, seaweed-like structures. It is subsequently suggested that the weak anisotropy of the solid-liquid interfacial energy of Al is altered by the addition of Zn, which has a relatively high interfacial energy anisotropy. This reinforced the findings of Haxhimali et al. [22] , who had previously reported that changes in the composition-dependant interfacial anisotropy parameters could lead to changes in preferred growth orientation; accounting for the atypical dendrite growth directions observed in some FCC alloys [23] [24] [25] [26] . Within this work, an orientation selection map was produced; exhibiting a region of <100>-oriented growth, a region of <110>-oriented growth and a region of parameter space in between the two orientations in which 'hyperbranched' structures were observed. When the corresponding data of several pure FCC metals (from - [27] ) were plotted onto this orientation selection map, it was shown that several of these metals lie close to the <100>-hyperbranched boundary -including Cu and Ni. This might therefore suggest that the growth orientation transition observed in our previously investigated Cu-Ni alloy may, at least in part, be due to the alteration of the interfacial energy anisotropy of Cu by the addition of Ni.
Alternatively, the orientation transition may be due to the increasing influence of the kinetic anisotropy over the solidification process as the growth velocity is increased. If sufficient influence is gained, the kinetic anisotropy may compete with, and then override, the capillary anisotropy; perhaps accounting for the observation of a mixed orientation regime, followed by the transition to fully <111> oriented growth. At the highest velocities recorded; the subsequent, strongly dominant kinetic anisotropy may then account for the final observed transition to seaweed growth. Bragard et al. [28] have shown that a sufficiently high kinetic anisotropy can lead to a transition to dendritic seaweed growth in the vicinity of the ∆T* transition; however, it is noted that this is only when set to unrealistically high values. As such, our observation of seaweed growth suggests that either the model is in some way flawed, or that other factors may be contributing to the development of these growth instabilities. Since it has been shown that the effective crystal anisotropy of the <111> orientation is weak [29] it may be that the transition to this orientation, in combination with the increased kinetic influence, is enough to induce a transition to seaweed growth. Alternatively, it may be that a combination of increased kinetic effect and an altered interfacial energy anisotropy (as discussed above with regards to the work of Haxhimali [22] and Dantzig et al. [21] ) is giving rise to the growth orientation transition and seaweed growth observed in our previous work.
In order to investigate our previous findings further, the present report details the results of an identical study into a Cu-Ni alloy of lower Ni content. A comparison of the results of the two studies is then given, in order to examine the effect of Ni concentration on the observed growth transitions, and a discussion is subsequently provided in consideration of the possible contributing factors to the behaviour observed.
Material and methods
The methodology employed in the present report to prepare, characterise, undercool and analyse samples of Cu-Ni alloy is near identical to that of our previous study. Hence, whilst a general outline is presented herein, the reader is referred to the former paper [17] for a more detailed description of the experimental method. into the vacuum chamber and slots cut into the susceptor and alumina radiation shield at the height of the sample. During solidification from the undercooled melt, the progression of the solidification front could therefore be tracked during recalescence using a high speed camera (up to 15 000 fps); and a solidification velocity, V, calculated from the resulting images. As such, each heating/cooling cycle generates a V-∆T data point, allowing the V-∆T relationship to be examined. Each experiment consisted of approximately 6 cycles and generated one undercooled droplet for further analysis.
Samples, undercooled to varied amounts, were then subjected to microstructural and texture analysis using: light microscopy, SEM secondary-electron imaging and XRD pole figure analysis, as described in our previous paper. The evolution of microstructure with increasing undercooling could then be assessed and compared to the high-Ni alloy previously investigated.
Results

Melt fluxing investigation into the Cu-3.98 wt.% Ni alloy
The velocity-undercooling curve obtained for the Cu-3.98 wt.% Ni alloy is shown in ∆T trend of the high-Ni alloy was found to correspond to a transition to <111>-oriented growth, the existence of a similar break in the presently investigated low-Ni alloy,
suggests that a similar transition may have taken place. A positive break due to the transition to <111> growth is further supported by the work of Gudgel and Jackson [19] , who noted that a similar transition, occurring in an FCC metal analogue system, was accompanied by a sharpening of the dendrite tip and subsequent increase in growth velocity.
In order to further investigate the presence of any growth transitions, a detailed examination of the microstructural and texture evolution with undercooling has been undertaken, the results of which are summarised in figure 1. 
Grain refined structures for ∆T ≤ 36 K
At very low undercooling, solidifying samples do not display any visible recalescence and hence measurements of undercooling and solidification velocity cannot be made. At the lowest undercooling detected (∆T = 36 K), a sample was obtained in which a grain refined microstructure is observed. It can be assumed that a region of stable dendrite growth precedes this grain refinement regime, based on the fact that stable dendrite growth would at least be expected under equilibrium growth conditions. Figure 3 shows the internal microstructure of this droplet, both at the surface and within the centre of it.
Dendrite fragments can be seen at the surface, which appear to exhibit secondary arms at 90° to the primary; suggesting that normal, <100>-oriented growth took place initially. Within the centre of the droplet, a large grain structure consisting of small subgrains is observed -akin to that reported in the high-Ni alloy previously investigated. However, in this instance, no continuous underlying dendritic substructure is observed. Instead, fragmented dendrite 'cores' are evident, with the low-angle subgrain boundaries most likely formed due to the slight misorientations between them.
The {200} pole figure taken from this sample ( figure 3 inset) indicates the presence of at least three unrelated grains, confirming the discontinuity of the substructure between them. As such, in contrast to the recrystallisation mechanism reported for the Cu-8.9
wt.% Ni alloy, the low undercooling region of grain refinement in this alloy appears to take place via the fragmentation of <100>-oriented dendrites. pole figure (figure 4 inset) . This is in contrast to the high-Ni alloy previously investigated, which exhibited a transition to the '8-fold' mixed-orientation growth regime immediately following the first region of grain refinement. to the high-Ni alloy, no distinct symmetry pattern can be explicitly deduced for any of the nucleation points observed, and therefore no '8-fold' to '6-fold' transition is seen. In our previous paper we suggested that this was indicative of the transition between <100>-dominant and <111>-dominant growth. However, with increasing undercooling, such a transition does still appear to be occurring; since pole figures obtained from samples at lower undercoolings exhibit strong poles near to the centre of the {200} plot (figure 7), whilst those at higher undercooling exhibit poles in the centre of the {111} plot ( figure 6 ).
In addition, no instances of multiple twinning have been identified in any of the samples investigated for this alloy. Each sample, undercooled within the mixed-orientation regime and subjected to texture analysis was, however, found to be twinned about one of the {111} planes; an example of which can be seen from the inset pole figure of figure 6, a sample undercooled by ∆T = 148 K prior to nucleation. Two sets of poles are evident from this pole figure, indicating the presence of at least two large grains, with one pole shared between the two. Since this sample was sectioned parallel to the growth direction and the shared pole is not the one observed at the centre of the pole figure, this suggests that the sample is twinned about one of the secondary dendrite growth directions. As growth has proceeded from a single point, this suggests that twinning has occurred during the growth of a secondary dendrite arm. The interior microstructure of this droplet is also shown in figure 6 , and is representative of the large dendritic/seaweed grain structure observed in samples undercooled within the mixedorientation regime. Wavy grain boundaries are observed, with the substructure appearing to traverse these, and the occasional 'floating' grain (as indicated by the arrow) is seen, indicative of significant grain boundary migration in the solid state.
Since grain boundary migration is enhanced at elevated temperatures, it is likely that this occurred during cooling from the high temperatures reached during recalescence. However, the morphology of these dendrites is unclear, making it difficult to determine the character of the original growth structure. From the micrograph of the droplets' surface topography (figure 8, left) a fragmented dendrite structure can be seen; with each fragment constituting a single grain. It therefore appears that the high undercooling
region of grain refinement in this alloy arises from the fragmentation of dendrites;
which, as discussed, are most likely of <111> orientation. This is in contrast to the highNi alloy previously investigated; in which a large, unrefined grain structure was observed upon the transition to fully <111>-oriented growth, and whereby the precursor to spontaneous grain refinement was found to be dendritic seaweed. 
Discussion
In summary, the growth transitions observed in the present study of a Cu-3.98 wt.% Ni alloy are similar to that observed in the Cu-8.9 wt.% Ni alloy previously investigated [17] ; with an extended transition in growth orientation, from <100>-oriented at low undercooling to <111>-oriented at high undercooling. However, there are a few key differences worth noting. With increasing undercooling, the low-Ni alloy appears to transition through:
• Single-grained <100> dendritic → grain refined from a fragmented <100> dendrite precursor → single-grained <100> dendritic → large, mixed <100>/<111> oriented, twinned grains →grain refined from a fragmented <111> dendrite precursor;
whilst the high-Ni alloy transitions through:
• Single-grained <100> dendritic → grain refined following recrystallisation → large, mixed <100>/<111> oriented, twinned/multiply-twinned grains → coarse dendritic grains from <111> precursor → grain refinement from dendritic seaweed precursor.
Thus, three distinct grain refinement mechanisms have been identified in the two closely related alloys. Firstly, spontaneous grain refinement in the low-Ni alloy appears to be consistent with the model of Schwarz et al. [15] , since two grain refinement transitions are observed to arise from the fragmentation of dendrites. The Schwarz model is based upon the LKT theory of dendrite growth [31] ; in which the dendrite tip radius passes through a local minimum followed by a local maximum with increasing undercooling, as the transfer between solutally and thermally-controlled growth occurs.
Schwarz et al. subsequently incorporate the stability analysis of Karma [32] to propose that grain refinement occurs when the dendrite tip radius falls below a certain value, allowing the side branches to fragment during recalescence. This theory therefore provides a feasible explanation for the two grain refinement transitions observed in alloys, as opposed to the single transition observed in pure metals. As such, it remains the most widely accepted theory for spontaneous grain refinement, despite having come under some scrutiny for its reliance on a model of dendritic growth that does not incorporate anisotropy and dynamics of the remelting instability [33] . In the case of the low-Ni alloy, grain refinement appears to occur from the fragmentation of refined <100> dendrites at low undercooling, and, following the orientation transition, from the fragmentation of refined <111> dendrites at high undercooling.
A second grain refinement mechanism of recrystallisation has then been observed at low undercooling in the high-Ni alloy, consistent with a number of other reports [2, 10, 11] .
The difference between the fragmentation mechanism observed in the low-Ni alloy and the recrystallisation mechanism observed in the high-Ni alloy appears to arise from the difference in the original growth structure. In the low-Ni alloy, stable <100>-oriented growth is observed well beyond the first grain refinement transition, suggesting that the precursor in this case is <100> dendrites; in which case the greatest driving force for grain refinement seems to be the fragmentation of these dendrites following a gradual scale refinement. However, in the high-Ni alloy, there is an abrupt transition from the grain refined to the mixed-orientation regime, suggesting that the two regimes may coincide. Thus, the precursor to grain refinement in this instance would be mixedorientation dendrites; the presence of which most likely indicates the existence of a high dislocation density, thereby providing sufficient driving force for a recovery/recrystallisation process in place of refinement and fragmentation.
Finally, the remelting and fragmentation of a seaweed precursor appears to be the most likely mechanism for spontaneous grain refinement at high undercooling in the high-Ni alloy; in line with that proposed by Mullis et al. [16] . In order to understand why This would result in a closer competition between the two anisotropies; shifting the range over which they compete (the mixed-orientation regime) to lower undercoolings with the addition of more Ni.
In the first instance, a decrease in the strength of the capillary anisotropy would suggest that the interfacial energy anisotropy of Cu is being altered by the addition of Ni -an idea supported by the work of Haxhimali et al. [22] and Dantzig et al. [21] , outlined in the introduction.
In the second case, an increased kinetic anisotropy might occur due to the need to incorporate more Ni into the growing crystal solid. Since a high growth velocity clearly favours <111>-oriented growth, this must therefore be a favoured kinetic direction. One explanation for this could be that the atomic radius of Ni is slightly smaller than that of Cu (124.6 pm and 127.8 pm respectively). This is perhaps close enough to retain the FCC crystal structure but sufficiently different to roughen the close-packed {111} planes; thereby enhancing atomic attachment kinetics along them. As discussed in the introduction, the work of Bragard et al. [28] has shown that a sufficiently high kinetic anisotropy can lead to a transition to dendritic seaweed growth. Hence, the observation of a seaweed precursor to the ∆T* transition in the high-Ni alloy (and not in the low-Ni alloy) supports the notion of an enhanced kinetic anisotropy due to the addition of Ni.
The addition of more Ni to Cu therefore appears to shift the seaweed transition to lower, more achievable values of undercooling; which may subsequently alter the precursor to spontaneous grain refinement. The notion of an increased kinetic effect might also explain why multiple twinning is only observed for the high-Ni alloy, since this may result in an increased probability of developing stacking faults during growth.
It is, of course, possible that both interfacial energy and kinetic effects are playing some part in the complex behaviour observed between the two alloys. The unambiguous identification of several different grain refinement mechanisms in two closely related alloys is significant, since it may help to resolve some of the debate surrounding the 'true' spontaneous grain refinement mechanism. In reality it appears that there are a number of potential mechanisms, the selection of which appears dependent upon the original growth structure present; which in turn is dictated by a number of contributing factors to the complex problem of rapid dendrite growth.
Conclusions
Following the identification of a number of complex growth transitions with increased undercooling in a Cu-8.9 wt.% Ni alloy [17] , an identical study had been undertaken into an alloy of lower Ni content (Cu-3.98 wt.% Ni) in order to investigate the effect of solute upon the observed growth transitions. Once again, an extended transition between <100>-oriented dendrite growth at low undercooling and <111>-oriented growth at high undercooling has been observed, with a mixed-orientation regime existing at intermediate undercooling. In contrast to the high-Ni alloy, however, stable <100> growth is observed up to undercoolings well beyond the first grain refinement transition, with a shift of the mixed orientation regime to higher undercoolings. As a result, the precursor to grain refinement at low undercooling appears to be stable <100>-oriented dendrites, resulting in a fragmentation mechanism. This is in contrast to the recrystallisation mechanism observed in the high-Ni alloy; which arises from the existence of a mixed-orientation dendrite precursor, due to a coincidence of the mixed orientation regime with the grain refinement regime. At high undercooling, grain refinement in the low-Ni alloy is also observed to occur following the fragmentation of <111>-oriented dendrites. This is again in contrast to the high-Ni alloy, in which 
